The novel properties of semiconductor nanowires, along with their potential for device applications in areas including nanoscale lasers and thermoelectrics, have led to a resurgence of interest in their growth and characterization over the past decade. However, the further development and optimization of nanowire-based devices will depend critically on an understanding of carrier relaxation in these nanostructures. For example, the operation of GaN-based photonic devices is often influenced by the presence of a large defect state concentration. Ultrafast optical spectroscopy can address this problem by measuring carrier transfer into and out of these states, which will be important in optimizing device performance.
INTRODUCTION
Semiconductor nanowires (NWs) have attracted much recent attention as growth techniques have matured, enabling the fabrication of high quality NWs and nanowire-based devices. This has made fundamental studies possible [1] [2] [3] [4] and led to a number of potential applications for these one-dimensional (1D) systems in areas such as thermoelectrics, biological and chemical sensing, and photovoltaics. Arguably the most promising application of semiconductor NWs is in the area of nanophotonics, where they can serve as multifunctional building blocks in the drive to integrate photonic and electronic devices on a single chip. However, further development and optimization of NW-based nanophotonic devices will depend critically on an understanding of carrier relaxation in these systems.
Ultrafast optical spectroscopy is the only method capable of measuring quasiparticle dynamics as a function of parameters including photon energy, incident fluence, and temperature with femtosecond (fs) time resolution. Although a multitude of ultrafast spectroscopic studies have been performed on semiconductor quantum wells (QW) and quantum dots (QD), relatively few optical measurements with sub-picosecond (ps) time resolution have been performed on semiconductor nanowires. [2] [3] [4] [5] [6] [7] [8] [9] In this regard, optical pump-probe spectroscopy, arguably the simplest ultrafast optical measurement, can provide a great deal of information on carrier dynamics in these nanosystems. This technique probes the sum of electron and hole distributions at a given photon energy and therefore has the potential to separately measure electron and hole dynamics in semiconductor nanostructures, contrasting with time-resolved photoluminescence (TRPL) measurements, which measure the product of electron and hole distributions and therefore cannot separately probe electron and hole dynamics. [10] Therefore, it can be expected that optical pump-probe measurements on semiconductor nanowires may reveal physics unique to these nanoscale structures, while enabling the measurement of parameters important for nanophotonic applications of NW-based devices. For example, GaN-based photonic devices typically exhibit "yellow luminescence" (YL), in which a broad luminescence band centered at 550 nm that is believed due to deep acceptor states reduces device efficiency. [11] , [12] Ultrafast optical spectroscopy can shed light on this problem by measuring carrier transfer into and out of these states, which will be important in understanding this phenomenon and optimizing device performance. Furthermore, the extension of optical pump-probe spectroscopy to optical-pump, terahertz (THz)-probe (OPTP) spectroscopy is particularly powerful since one can directly measure the THz electric field after transmission through the sample. [13] Both the static and the time-dependent complex conductivity of the sample can be subsequently extracted from the measured data under certain conditions, making ultrashort THz pulses a powerful non-contact probe of the sample electronic and transport properties.
In this paper, we describe our use of ultrafast wavelength-tunable optical spectroscopy to temporally resolve carrier dynamics in semiconductor nanowires. Wavelength-tunable optical pump-probe experiments enable us to separately resolve electron and hole dynamics in Ge nanowires as a function of nanowire diameter. This reveals that the lifetime of both electrons and holes decreases with decreasing nanowire diameter and demonstrates that surface effects dominate carrier relaxation in germanium nanowires. Similarly, optical-pump, terahertz-probe measurements on CdSe nanowires and quantum dots reveal that the nanostructure surface-to-volume ratio strongly influences carrier relaxation. Fluencedependent measurements further indicate that Auger recombination reduces carrier lifetimes as the photoexcited carrier density increases. Finally, ultraviolet (UV)-pump, visible-probe experiments on GaN nanowires allow us to determine that the states related to yellow luminescence are populated within 500 fs, while carriers leave these states on a timescale of tens of picoseconds. These experiments indicate that the depopulation rate of these YL-related defect states can be modified through control of the NW growth temperature and through overgrowth of a wide bandgap "shell" on the GaN core, enabling NW properties to be tuned for a specific application. In short, our experiments provide fundamental insight into carrier relaxation in these novel systems, revealing information critical to optimizing their performance for a number of applications. Single crystal germanium and gallium nitride nanowires were grown by chemical vapor deposition (CVD) using the vapor-liquid-solid (VLS) mechanism. [1] The growth of the GaN nanowires used in this study has been described in detail elsewhere. [11] GaN NWs were grown at substrate temperatures, T sub , of 800, 850, and 900 °C on r-plane sapphire substrates using catalyst Ni nanoparticles (Figure 1(a) ). TEM analysis indicated that the resulting NWs are single crystalline with wurtzite structure, aligned vertically to the substrate and crystallographically oriented along the (11 0) direction. The NWs have a tapered shape with a base diameter as wide as ~ 200-400 nm and tip diameter as narrow as 10 nm. Our initial ultrafast optical measurements on these samples were complicated by the presence of a GaN film that grows concurrently with the NWs. Therefore, for the experiments described in this paper, the nanowires were dry transferred onto a clean sapphire substrate to eliminate any signal contributions from the film. SEM measurements ( The growth of our Ge NW samples was previously described elsewhere. [15] Single crystal nanowires were grown in a low pressure chemical vapor deposition (CVD) chamber, seeded by catalyst Au nanoparticles with 2 and 4 nm diameters. The Ge NWs grew epitaxially with respect to the Si substrate, primarily along the <111> direction. Two samples were synthesized with average NW lengths of 1.6 μm and average diameters of d=18 and 30 nm (Figure 2 , inset), respectively. SEM images (Fig. 2 ) reveal that NWs in both samples exhibit a high degree of vertical alignment, with a nearly constant diameter along the length of the NW. No significant Ge film growth was observed in these samples, allowing us to perform measurements directly on the as-grown samples and thus probe the influence of NW orientation on the resulting dynamics, as described below. The areal densities of the NWs were approximately 157 NW/μm 2 and 119 NW/μm 2 for the 18 and 30 nm diameter NWs, respectively. It is worth noting that although the radii of the NWs studied here are comparable to the exciton Bohr radius in Ge (~24 nm), several calculations and experiments have indicated that quantum effects should only be significant for d<10 nm, allowing us to use the band structure of bulk Ge in interpreting our data. [14] Finally, the CdSe nanowires and quantum dots used in this study were chemically synthesized by a solution-liquid-solid (SLS) process, which enables the growth of single crystal NWs with smaller diameters and narrower size distributions. [16] These nanostructures were then dispersed onto MgO substrates for terahertz measurements by drop casting a colloidal solution of wires/particles in toluene; this results in samples without a high degree of alignment of The optical pump-probe system used in the experiments on Ge and GaN nanowires is based on a 100 kHz regeneratively amplified Ti:sapphire laser system (Coherent RegA) producing 50 fs, 10 μJ pulses at 800 nm ( Figure 4 ). The amplifier output is equally split to concurrently pump two optical parametric amplifiers (OPA), one centered in the visible (Coherent 9450) and the other centered in the infrared (IR) (Coherent 9850). Each OPA has three outputs (signal, idler, and residual pump); our experimental set up enables us to independently select any of the six output beams as pump and probe with minimal realignment. In addition, ultrashort 267 nm pulses are generated through third harmonic generation in a BBO crystal by mixing the 800 nm fundamental beam with the residual 400 nm pump from the visible OPA. This ultrafast optical setup is therefore capable of independently tunable pump-probe measurements at wavelengths ranging from 267 nm to 3.3 μm with sub-100 fs time resolution, making it an extremely flexible system for pump-probe measurements in transmission and reflection on a variety of samples. [14, [17] [18] [19] All measurements described in this paper were performed at room temperature. The optical-pump, THz-probe setup used to explore non-equilibrium carrier dynamics in CdSe nanostructures is shown in Figure 5 . An amplified 800 nm pulse train is split into three parts. One beam ("generation") is used to generate nearly single-cycle THz pulses through difference frequency generation (DFG) in a ZnTe crystal. [13] The THz pulses pass through the sample and are temporally and spatially overlapped with another part of the 800 nm beam ("gating") on another ZnTe crystal, enabling electro-optical detection of the THz electric field. [13] Finally, the third 800 nm beam ("pump") is frequency doubled and used to photoexcite the sample, allowing us to detect photoinduced changes in the THz electric field as a function of time between the excitation and THz pulses.
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ULTRAFAST ELECTRON AND HOLE DYNAMICS IN GERMANIUM NANOWIRES
Germanium nanowires have attracted much interest for applications in nanophotonics, nanoelectronics, and thermoelectrics. [15] Ultrafast optical spectroscopic measurements on these NWs promise to be particularly fruitful, since the indirect band gap in Ge allows us to independently resolve the dynamics of electrons and holes by tuning the probe wavelength. [14] Previous theoretical and experimental work on bulk Ge [20, 21] demonstrated that after 800 nm (1.5 eV) excitation at the point ( Fig. 6(a) ), electrons rapidly scatter to the X valley and subsequently to the conduction band minimum at the L point, while holes scatter from higher energies to the valence band maximum at the point within 4 ps. Therefore, after the first few ps a hot electron distribution exists at the conduction band minimum in the L valley, with a corresponding hole distribution at the point. We can therefore use a visible (~550 nm, 2.25 eV) probe pulse to track electron dynamics and a near-IR (~1200 nm, 1 eV) probe pulse to separately measure hole dynamics ( Fig. 6(a) ). Figure 6 (b) depicts the results of optical-pump, near-IR probe measurements performed on bulk Ge in reflection, which agree well with theoretical calculations and demonstrate our ability to isolate hole dynamics with femtosecond time resolution; similar experiments were performed on bulk Ge with visible probe pulses to examine electron dynamics. [14] ( a ) ( b ) We then performed optical-pump, visible/near-IR probe experiments on the two Ge NW samples. Figures 7(a) and 7(b) depict the results of these measurements and compare them to identical measurements on bulk Ge. It can immediately be seen that the electron and hole populations decay much more rapidly in the NWs than in bulk Ge. Carrier lifetimes in the NWs also appear to decrease with diameter, suggesting that the high surface-to-volume ratio of these 1D systems plays an important role in carrier relaxation. This was more quantitatively supported by a model for size-dependent photoconductivity in semiconductor NWs, [22] in which the carrier lifetime ~d 2 ; this was found to fit our data well, [14] demonstrating that surface-related phenomena dominate carrier relaxation in Ge NWs for both electrons and holes. This results in nearly identical R/R signal magnitudes and carrier lifetimes for both electrons and holes in the 30 nm diameter NWs (Figure 7(c) ). We were also able to extract parameters such as the electron and hole diffusion lengths and surface recombination velocities from our measurements, further demonstrating the utility of ultrafast optical spectroscopy for obtaining device-relevant information from semiconductor NWs in a non-contact manner. [14] Finally, we probed carrier dynamics perpendicular and parallel to the axis of the vertically aligned NWs by varying the incidence angle and polarization of the pump and probe beams (Figure 7(d) ). In this configuration, s polarization refers to a beam polarized perpendicular to the NW axis, while p polarization refers to a beam that has components polarized both perpendicular and parallel to the NW axis. From Fig. 2(b) , it can be seen that the R/R signal decays most rapidly when both pump and probe are s polarized, while the decay is slowest when both pump and probe are p polarized (this was also observed for the 550 nm probe). This suggests that carriers propagating orthogonal to the NW axis rapidly recombine at the surface, while carriers that propagate parallel to the NW axis can travel in one dimension for a longer distance before recombining. Recent OPTP measurements on oriented Ge NWs also observe a strong polarization dependent response, attributed to a depolarization field that suppresses the current induced by a perpendicularly polarized THz pulse. [23] Further studies are underway to ascertain whether similar effects influence the polarization dependence seen in our data. 
TRANSIENT PHOTOCONDUCTIVITY IN CADMIUM SELENIDE NANOSTRUCTURES
The majority of semiconductor nanowires fabricated through VLS have diameters greater than twice the Bohr radius and thus exhibit bulk-like electronic and optical properties. One advantage of SLS growth is the ability to controllably synthesize NWs with radii smaller than the Bohr radius, allowing researchers to explore the influence of twodimensional quantum confinement on NW properties. Ultrafast optical measurements have previously been performed on quantum confined CdSe NWs, indirectly revealing the presence of one-dimensional (1D) excitons at low excitation fluences. [4] Here, we present the results of optical-pump THz-probe experiments on CdSe NWs and QDs as a function of excitation fluence and NW diameter. Carriers are injected above the band gap by a <60 fs, 400 nm pulse and their relaxation is probed by a time-delayed near single-cycle terahertz pulse. A comparison of the pump-induced change in the transmitted peak THz electric field for CdSe NWs with diameters of 7-10 nm and 22 nm (Fig. 8(a) ) reveals that the carrier lifetime is longer in the larger diameter NWs, suggesting that surface trapping may influence the observed dynamics. This is further supported by Fig. 8(b) , which compares OPTP measurements on d=22 nm NWs and d=16 nm QDs. This demonstrates that carriers in QDs relax rapidly in the first few picoseconds ( ~2.5 ps) followed by a long-lived decay ( >200 ps), while the carrier density in the NWs decays with ~ 96 ps. The rapid decay in the QDs as compared to the NWs is likely due to their larger surface to volume ratio, which increases carrier trapping at surface states. The different length scales (and/or mean free path) that carriers can travel in the nanostructures before being trapped or recombining will also influence the measured dynamics. Our experiments therefore indicate that, as in the measurements on Ge NWs Delay (ps) described above, the surface properties of semiconductor nanostructures strongly influence carrier dynamics. In particular, the longer carrier decay time observed in CdSe NWs as compared to QDs thus indicates that the influence of surface traps and/or defects on the transport properties of charge carriers in these structures is significantly lower than in QDs. This will be particularly useful in the fabrication, integration and optimization of nanoscale devices based on CdSe NWs. In addition, it is worth noting that the 7-10 nm diameter NWs are quantum confined, which may play a role in carrier relaxation; we are currently performing a more detailed analysis of our data to determine the influence of quantum confinement on the measured dynamics.
(a) (b) We also performed fluence-dependent OPTP measurements ( Figure 9 ) to examine the contribution of Auger recombination to carrier relaxation in CdSe NWs. The measured E/E traces could be fit with a single exponential decay in which the lifetime decreased with increasing excitation fluence. In these NWs, surface states should saturate at lower photoexcited carrier densities, after which carrier-carrier interactions (such as Auger recombination) will dominate carrier relaxation and cause the carrier lifetime to decrease with increasing fluence as observed here. These experiments thus indicate that Auger recombination plays an important role in carrier relaxation, particularly at high excitation fluences, in agreement with ref. [4] . Fig. 9 . Fluence-dependent OPTP measurements on d=7-10 nm diameter CdSe NWs. 
PROBING ULTRAFAST CARRIER DYNAMICS IN THE YELLOW LUMINESCENCE DEFECT STATES OF GALLIUM NITRIDE NANOWIRES
Yellow luminescence is a well-known issue that limits the performance of both bulk and nanostructured nitride-based optoelectronic devices. [12] Therefore, the widespread excitement about using nitride-based NWs as nanoscale lasers, amplifiers, and waveguides operating in the visible and UV spectral range must be tempered until the origin of YL is conclusively determined and methods are developed for limiting its influence on nanophotonic device performance. The motivation for the experiments discussed in this section was therefore to temporally resolve carrier relaxation into and out of the defect states related to YL after above band-gap excitation to gain fundamental insight on this phenomenon. We performed UV-pump, optical-probe measurements on GaN NWs grown at T sub =800, 850, and 900 °C ( Fig. 10(a) ). Figure 10 (b) schematically depicts the electron and hole populations following photoexcitation with a 4.66 eV pump pulse, after the photoexcited electrons and holes have thermalized and relaxed to the band minima. A 550 nm (2.25 eV) visible pulse then probes the transition between the conduction band and a mid-gap band of defect states that is believed responsible for YL. [12] The rise time of our signals indicates that photoexcited carriers populate the states responsible for YL within ~500 fs, while the long-lived decay due to relaxation out of these states is observed to increase with T sub . Further insight can be obtained from photoluminescence (PL) measurements on these samples. [24] These measurements indicate that the concentration of defects responsible for YL remains unchanged with T sub , as evident from the relative intensity invariance of the YL band (not shown), while the band edge luminescence (BEL) intensity is an order of magnitude higher for T sub =900 °C. Therefore, the faster relaxation in NWs with lower T sub may be attributed to the presence of additional impurity sites, possibly due to carbon incorporation from carbon-bearing precursors present during growth, that non-radiatively trap photoexcited carriers into these additional defect states. [24] These growth temperature dependent impurity sites can also influence the free carrier concentration and hence the BEL properties of the NWs. This is confirmed by BEL measurements (Fig. 11(a) ), which show a decreased lasing threshold for NWs with higher T sub .
Finally, we fabricated GaN core/shell NWs in order to understand the influence of surface states on carrier relaxation out of the YL-related states. In these NWs, a wide band gap shell (thickness ~2-15 nm) is grown over the GaN core to passivate surface states and potentially increase carrier lifetimes. We performed time-resolved UV-pump, visible-probe experiments on GaN NWs without a shell and NWs with GaN/AlN and GaN/AlGaN core-shell structures (Fig. 11(b) ). The NWs with shells exhibit a longer relaxation time, independent of the shell composition, which suggests that surface states also contribute to carrier trapping out of YL defect states and that radially heterostructured epilayers can passivate these states. These are the first ultrafast optical experiments on core/shell NWs, to the best of our knowledge.
CONCLUSIONS
In conclusion, we have performed ultrafast optical spectroscopy on Ge, CdSe, and GaN NWs while varying growth and experimental conditions, revealing unique physics in these nanosystems. Ultrafast optical experiments on Ge NWs revealed the important role of surface states in carrier relaxation and also demonstrated the ability of ultrafast optical spectroscopy to extract device-relevant parameters from Ge NWs in a non-contact manner. In addition, we were able to isolate electron and hole dynamics perpendicular and parallel to the NW axis, revealing the influence of two-dimensional confinement on carrier relaxation. Similarly, optical-pump THz-probe experiments on CdSe nanostructures further demonstrated that the carrier lifetime is strongly influenced by surface properties and is inversely proportional to the surface-to-volume ratio. Finally, time-resolved measurements on GaN NWs indicate that post-growth annealing and overgrowth of a wide band gap shell alters the role of defect states in carrier relaxation. Future experiments will focus on varying material parameters such as the nanowire composition, doping, heterostructure, and growth temperature to further elucidate carrier dynamics in these novel systems.
